INTRODUCTION {#SEC1}
============

In eukaryotes, ribosome biosynthesis is initiated by transcription of a pre-ribosomal RNA (pre-rRNA) 35S/45S (yeast/human cells) by RNA polymerase I. This precursor is chemically modified and processed through a series of ordered endo- and exo-ribonucleolytic cleavages to generate mature 18S, 5.8S and 25S/28S rRNAs (for review, ([@B1],[@B2])). These nucleolar processes involve a great number of *trans*-acting factors (for review, ([@B3])), among which hundreds of box H/ACA and C/D small nucleolar ribonucleoprotein particles (snoRNPs) are catalysts of rRNAs pseudouridylation and ribose 2΄-*O*-methylation, respectively (for review, ([@B4],[@B5])). In addition, a subset of snoRNPs, including U3, U14, U8 and snR30/U17, are required for endo-ribonucleolytic cleavages in the pre-rRNA (for review, ([@B4],[@B5])).

Box C/D snoRNAs contain two conserved sequences, namely box C (5΄-RUGAUGA-3΄, where R is a purine) and box D (5΄-CUGA-3΄), which are respectively located close to the 5΄ and 3΄ ends of the RNA ([@B6]). A second related couple of boxes C΄ and D΄ can also be present ([@B7],[@B8]). Box C/D RNAs with a 2΄-O methylation guiding activity, contain one or two guide sequences flanking box D or both boxes D and D΄. They base-pair with a target sequence to specify the site to modify ([@B7],[@B8]). Boxes C and D combine to form a box C/D RNA motif ([@B9]), folded into a kink-turn (K-turn) structure. This widespread RNA structural motif consists of two helices (I and II) surrounding a 3-nt bulge ([@B10],[@B11]) (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). Helix II is primed by two sheared G:A base pairs that are followed by a highly conserved U•U base pair in C/D box motifs ([@B9]). The box C/D snoRNAs K-turn motif constitutes a specific binding site for Snu13p/SNU13 (alias 15.5K) that nucleates RNP formation through the subsequent recruitment of Nop58p/NOP58 and the SAM-dependent 2΄-*O*-methylase Nop1p/FBL ([@B9],[@B12]) (*NB*. for clarity, separation of two protein names by the slash symbol refers to the yeast protein name followed by its human counterpart). This half-particle clamps the snoRNA at both extremities and has a major contribution for snoRNA stability ([@B13]). The internal C΄ and D΄ boxes form a C΄/D΄ motif folded into a K-turn structure or a K-loop in which helix I is replaced by a loop. The C΄/D΄ motif constitutes a secondary Snu13p/SNU13 binding site and the Snu13p/SNU13--C΄/D΄ snoRNA complex nucleates the assembly of a second half-particle through recruitment of the Nop56p/NOP56--Nop1p/FBL module ([@B14]--[@B17]).

![Overview of K-turn motifs found in the box C/D snoRNA family. (**A**) Schematic representation of a K-turn motif. Helices I and II are displayed. The sheared G:A base pairs are indicated by dotted lines. (**B**) Schematic representation of a consensus box C/D motif. (**C**) Schematic representation of the yeast U3 snoRNA. The 3΄ part of the molecule contains two K-turn motifs, namely U3~C΄/D~ and U3~B/C~ motifs. The 5΄ functional domain contains sequences complementary to specific regions in the pre-rRNA 35S. (**D--G**) Schematic representation of motifs U3~C΄/D~ and U3~B/C~ present in U3 snoRNA from *Saccharomyces cerevisiae* and their respective consensus sequences in animals ([@B34]).](gkx424fig1){#F1}

The U3 snoRNP is an atypical box C/D snoRNP. Although it contains the 2΄-*O*-methylase Nop1p/FBL, U3 snoRNP has never been shown to be a catalyst for rRNA 2΄-*O*-methylation. U3 snoRNA pairs co-transcriptionally with the 35S/45S pre-rRNA, thus acting as an organizing chaperone to potentiate early cleavages at sites A0, A1 and A2 ([@B18]--[@B26]). This specialized function relies on the U3 snoRNA 5΄ domain which base-pairs with several sequences of the 5΄ external transcribed spacer (5΄ ETS) and the 18S region ([@B18],[@B21],[@B24],[@B25],[@B27]--[@B32]). The U3 3΄ domain contains four highly phylogenetically conserved sequences that form two non-conventional box C/D-like motifs, namely the C΄/D and B/C motifs, named thereafter U3~C΄/D~ and U3~B/C~, respectively (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}, and G) ([@B9],[@B33]--[@B36]). In spite of some sequence divergences as compared with box C/D consensus sequence both U3~C΄/D~ and U3~B/C~ bind Snu13p/SNU13 ([@B9],[@B34]). However, Snu13p/SNU13 has a much higher affinity for U3~B/C~ as compared to U3~C΄/D~ ([@B9],[@B34]). Taking into account the fact that Snu13p/SNU13 is at the heart of box C/D snoRNP assembly, this raises the question of how the core U3 snoRNP is assembled.

Furthermore, another distinctive characteristic of the U3 snoRNP is the dissymmetry of protein assembly on the U3~C΄/D~ and U3~B/C~ motifs. This is due to the presence of a specific U3 core protein Rrp9p in yeast and U3-55K in human ([@B9],[@B37]--[@B40]), which is recruited on the U3~B/C~ motif in a Snu13p/SNU13-dependent manner ([@B41]--[@B44]) together with Nop56p/NOP56 and Nop1p/FBL ([@B45]--[@B49]). In contrast, the classical set of C/D box proteins Snu13p, Nop58p and Nop1p is recruited on the U3~C΄/D~ motif ([@B15],[@B46],[@B47]). Nevertheless, as for conventional box C/D snoRNPs, it has been proposed that the two particles are connected through the Nop56p--Nop58p coiled-coil dimer. The cryo-EM structural determination of fungal early 90S pre-ribosomal particles, assembled at the 5΄ end of the nascent pre-rRNA, have very recently confirmed this U3 snoRNP organization ([@B45],[@B48],[@B49]).

Assembly of box C/D snoRNPs is not an autonomous process *in vivo*, but requires *trans*-acting assembly factors ([@B50]--[@B56]) that include the protein Bcd1p/BCD1(ZNHIT6) ([@B50],[@B53],[@B57],[@B58]), the heterodimer platform Rsa1p/NUFIP1--Hit1p/TRIP3 ([@B50]--[@B54],[@B59]) and the HSP90-interacting complex R2TP that is composed of four proteins: the AAA^+^ hexameric helicases Rvb1p/TIP49 (RUVBL1) and Rvb2p/TIP48 (RUVBL2), Tah1p/hSPAGH (RPAP3) and Pih1p/hPIH1 (PIH1D1, NOP17) ([@B52],[@B53],[@B55],[@B56],[@B59]--[@B61]). Rsa1p/NUFIP1 interacts with several proteins involved in box C/D snoRNP assembly ([@B52],[@B53]). We recently identified amino acids required for the Snu13p--Rsa1p interaction and showed that the snoRNA and Rsa1p interact with distinct faces of Snu13p ([@B50],[@B51]).

In yeast, individual depletion of assembly factors Rsa1p, Hit1p, Pih1p and Rvb2p has little impact on U3 snoRNA steady state level ([@B54],[@B62]). Nonetheless, their absence substantially impacts pre-rRNA processing, especially by slowing down cleavages at A0, A1 and A2 sites that is a hallmark of a U3 snoRNP functional defect ([@B54]). In addition, all of the assembly factors associate with U3 snoRNA precursors and are required for 3΄-end processing of a truncated version of the U3 snoRNA ([@B54]). The U3 snoRNA from *Saccharomyces cerevisiae* is expressed from two independent genes *SNR17A* and *SNR17B* and follows a unique maturation pathway including intron splicing by the spliceosome ([@B63]), 3΄-end trimming and cap hypermethylation ([@B64]). It was initially proposed that splicing as well as recruitment of core proteins occur after shorter 3΄ extremities have been generated, i.e. at the +18 and +12 sites relative to 3΄ end of the mature form ([@B64]). However, using reverse transcriptase-polymerase chain reaction (RT-PCR) analysis and less stringent conditions for protein immunoselection, we detected core proteins Nop1p, Nop56p and Nop58p, as well as main assembly factors Rsa1p, Hit1p and the R2TP complex in association with unspliced and spliced 3΄-long precursors ([@B54]).

It was therefore of interest to determine how the C/D box specific assembly machinery adapts its mode of action in order to facilitate the peculiar U3 snoRNP biogenesis. As our previous data revealed the presence of Rsa1p on the early pre-U3 snoRNA precursors ([@B54]), we developed *in vivo* and *in vitro* analysis to decipher the role of this platform protein in pre-U3 snoRNP assembly. In agreement with the observation that altogether Rsa1p and Rrp9p contribute to maintain a high and stable level of U3 snoRNA *in vivo*, we found that Rsa1p and Rrp9p are simultaneously recruited on the Snu13p--U3~B/C~ pre-snoRNP. Additionally, we show that Rsa1p enhances the affinity of Snu13p for the C΄/D motif. RNA footprinting experiments and RNA binding assays suggest that this could occur by a direct contact of Rsa1p with the 5΄ domain of U3. In addition, based on our published X-ray structure of a complex between Snu13p and a fragment of Rsa1p ([@B50]) and the recent cryo-EM structures of the U3 snoRNP in the 90S complex ([@B45],[@B48],[@B49]), our data provide insight into a possible additional function of Rsa1p consisting to prevent mature snoRNP formation and premature base paring of U3 with the pre-rRNA. Finally, as our results reveal that pre-U3 snoRNA splicing is an early step occurring prior to 3΄-end maturation, we therefore propose a refined model for *S. cerevisiae* U3 snoRNP biogenesis.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids and strains {#SEC2-1}
--------------------

The M13mp19::T7-snR17A ([@B65]) and M13mp19::T7-yU3AΔ2,3,4 ([@B34]) vectors were used as the templates to amplify by PCR the DNA fragments for T7 *in vitro* transcription of transcripts U3B/C and U3Δ2,3,4, respectively. Templates for production of wild type and variant yU3C΄/D were obtained by hybridization of partially complementary oligonucleotides ([@B34]). To test *in vivo* the effects of mutations in RNA U3Δ2,3,4, we used recombinant plasmid pASZ11::U3Δ2,3,4 which is a truncated version of plasmid pASZ11::yU3A encoding the wild-type U3A snoRNA ([@B25]). Wild-type and variant pASZ11::U3Δ2,3,4 plasmids were transfected into *S. cerevisiae* strains JH84 ([@B22]), BY4741 and its knock out derivative Δ*RSA1* ([@B54]). The production of recombinant proteins Snu13 and Rsa1~230-381~ were carried out using the bacterial expression vectors previously described, pGEX-6P-1::*SNU13* ([@B34]) and pGEX-6P-1::N3C1 ([@B52]), respectively. The ectopic expression of the wild-type and variant Rsa1p in yeast cells was carried out using the previously described yeast expression vectors pG1::*RSA1* and pG1::*RSA1*-R249/A ([@B51]). Expression vector pHXGWA::*RRP9*, encoding protein Rrp9 fused with thioredoxine (TRX) and a tag of 6 histidines (His~6~TRX), was obtained by gateway technology ([@B66]). The *Escherichia coli* BL21(DE3)-CodonPlus strain was used for protein production.

Production of recombinant proteins {#SEC2-2}
----------------------------------

GST-Snu13p and GST-Rsa1p~230-381~ proteins were purified from cell extract under native conditions, using Glutathione Sepharose 4B as recommended by the manufacturer (GE Healthcare). They were cleaved overnight on the beads using the PreScission protease (GE Healthcare). The recombinant His~6~TRX-Rrp9 was purified using a 5 mL His-TrapTM HP column (GE Healthcare) and eluted with 0.5 M imidazole at pH 8. After imidazole elution or cleavage, proteins were dialyzed against buffer D (20 mM HEPES-KOH, pH 7.9; 150 mM KCl; 1.5 mM MgCl~2~; 0.2 mM ethylenediaminetetraacetic acid (EDTA); 10% glycerol) and stored at −80°C.

His-pull down assays of *in vitro* assembled RNPs {#SEC2-3}
-------------------------------------------------

Radiolabeled RNA (5000 cpm, ∼50 fmol) was incubated with various sets of recombinant proteins during 30 min in buffer D at 30°C, each protein was used at a final concentration of 1 μM. The RNP complexes formed were incubated with Nickel Sepharose beads (GE Healthcare) for 15 min at room temperature in 200 μl of binding buffer (10 mM Tris--HCl, pH 8.0; 150 mM NaCl; 0.1% octylphenoxypolyethoxyethanol (IGEPAL). The beads were washed three times for 10 min with 1 ml of binding buffer. RNAs were extracted by phenol--chloroform treatments, ethanol precipitated and fractionated on denaturing polyacrylamide gel.

Electrophoresis mobility shift assays (EMSA) {#SEC2-4}
--------------------------------------------

Yeast U3 and U14 box C/D snoRNAs were synthesized by *in vitro* transcription with T7 RNA polymerase using as the template a PCR fragment carrying the *S. cerevisiae* snoRNA coding sequence ([@B34]). After transcription, the RNA was 5΄-end labeled with T4 polynucleotide kinase in the presence of \[γ-^32^P\] (adenosinetriphosphate) ATP and purified by gel electrophoresis. For electrophoretic mobility shift assays (EMSA), ^32^P-radiolabeled RNA (500 cpm, ∼5 fmol) was mixed with proteins at the concentration indicated in figure legends, in buffer D (20 mM HEPES-KOH, pH 7.9; 150 mM KCl; 1.5 mM MgCl~2~; 0.2 mM EDTA; 10% glycerol) and incubated for 20 min at 4°C. The RNA--protein complexes formed were resolved by native gel electrophoresis.

RNase footprinting assay {#SEC2-5}
------------------------

Radiolabeled RNA (5000 cpm, ∼50 fmol) and 1.5 μM for each protein were used for protein--RNA complexes formation under the conditions described above for EMSA. Ribonuclease (RNase) digestions of free and complexed RNAs were performed in 10 μl of buffer D for 6 min at 20°C with 0.8 U of T1 RNase (Roche), 2.4 U of T2 RNase (Gibco) or 0.001 U of V1 RNase (Kemotex). The reactions were stopped by addition of 100 μl of cold solution of yeast tRNA (200 ng/μl) and 100 μl of phenol/chloroform/isoamylic alcohol (25:24:1). Digestion products were extracted and precipitated with ethanol. An alkaline hydrolysis of RNAs was performed for 5 min at 96°C using 10 fmol of radiolabeled RNA with 100 mM sodium bicarbonate. A RNase T1 ladder was done by incubation of 10 fmol radiolabeled RNA in 1 M sodium hydroxide citrate in the presence of 2 μg tRNAs for 5 min at 65°C and then treated with 1 U of RNase T1 for 10 min at 65°C. The cleavage products were fractionated by electrophoresis on a 10% polyacrylamide--8 M urea gel.

Yeast handling and northern blot analyzes {#SEC2-6}
-----------------------------------------

Standard *S. cerevisiae* growth and handling techniques were employed. The *S. cerevisiae* Y190-Δ*RSA1* (*YPL193W::kanMX2*) strain was previously described ([@B51]). The *RSA1* knock-out strain obtained was transformed with plasmid pG1::*RSA1* encoding wild type (WT) or variant Rsa1p and grown in yeast extract peptone dextrose (YPD) medium. Total RNAs were extracted from exponentially growing cells (*A*~600~ ∼ 0.8). Northern-blots were carried on 5 μg of total RNA fractionated on polyacrylamide denaturing gels. After transfer to Zeta-Probe membrane (Biorad), RNAs were detected using specific 5΄ ^32^P-radiolabeled oligonucleotides probes NB-U3 (5΄-CCGTCAGACTGTTCA-3΄) and NB-U1 (5΄-GACCAAGGAGTTTGCATCAATGA-3΄).

Test of variant U3 snoRNA functionality {#SEC2-7}
---------------------------------------

The *S. cerevisiae* strain JH84 transformed with pASZ11 and recombinant plasmid pASZ11::U3Δ2,3,4 and its variant derivative Δbulge was grown to stationary phase in (YPG) liquid medium containing galactose. After centrifugation and washing, the cells were transferred into liquid YPD medium containing glucose and grown a few hours before streaking on YPD solid medium. Samples were also streaked for growth control on YPG. Colonies were examined after 48 h of incubation at 30°C. The cellular stability of the variant U3Δ2,3,4 RNAs was studied by northern blot analysis as described in the previous section. The U6 snRNA level was used for standardization. RNAs were detected using specific 5΄ ^32^P-radiolabeled oligonucleotides probes NB-U3 and NB-U6 (5΄-CAGGGGAACTGCTG-3΄).

RNA co-IP (RIP) and RT-PCR analyzes {#SEC2-8}
-----------------------------------

Yeast cells untagged or expressing TAP-tagged Rsa1p were grown in YPD medium and stopped during the logarithmic phase of growth (OD~600~ ∼ 0.8--1). Cells were lysed by bead-beating in breaking buffer; lysates were added to IgG-Sepharose beads (Sigma-Aldrich) and incubated 2 h at 4°C. Beads were washed four times in washing buffer. RNAs were extracted with phenol--chloroform and analyzed by RT-PCR. cDNAs were generated using the following primers:

\(7517\) CAGTGCAGGGTCCGAGGTATTCTGAAAACCAAACCTTTGG to detect the long pre-U3, (7515) GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAGGAA to detect the pre-U3 +18, (7514) GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAAAGTGG to detect the pre-U3 +12, and (7424) GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTTGTC to detect form with the mature 3΄-end. PCR were performed using the following primers: (7159) CAGTGCAGGGTCCGAGGTATT as constant reverse primer, (5252) TCTGTGTCGACGTACTTCA to detect the exon 1-containing species, and (5254) AGTCTTAGGTACTAGAGTTT to detect the intron-containing species.

3D modeling {#SEC2-9}
-----------

To build the models of the U3 snoRNP from *Chaetomium thermophilum* and from *S. cerevisiae* with Rsa1p~239--265~, we used software PyMOL 1.3 ([@B67]) to superimpose the crystal structure of the *S. cerevisiae* Snu13p-Rsa1p~239--265~ (([@B50]); PDB ID: 4NUT) to the cryo-EM structure of the U3 snoRNP in the *C. thermophilum* (([@B48]) PDB ID: 5JPQ) and *S. cerevisiae* ([@B49]), PDB ID: 5WYJ and 5WYK) 90S pre-ribosomes.

RESULTS {#SEC3}
=======

Rsa1p is present all along pre-U3 processing including intron splicing before 3΄-extension trimming {#SEC3-1}
---------------------------------------------------------------------------------------------------

As yeast U3 snoRNP biogenesis includes several RNA maturation steps, before studying the role of Rsa1p in U3 snoRNP biogenesis, we used PCR approaches to precisely delineate the relative order of these processing steps (Figure [2](#F2){ref-type="fig"}). In a first series of experiments, cDNAs were primed by the RT~long~ oligonucleotide, which anneals downstream from the + 58 site (Figure [2A](#F2){ref-type="fig"}) and were amplified by PCR using a reverse primer (3΄PCR) carrying the 5΄ sequence of RT~long~ and two distinct forward primers that hybridize within the exon 1 (5΄PCRa) and the intron (5΄PCRb), respectively. After gel fractionation (Figure [2B](#F2){ref-type="fig"}), each PCR product was cloned and sequenced. Using 5΄PCRa (upper panel), two minor bands corresponding to unspliced forms of long pre-U3A and pre-U3B were detected in the upper part of the gel, but the most abundant form was a shorter spliced product corresponding to spliced pre-U3 carrying the entire 3΄ extension. These data illustrated the rapid elimination of the intron during the maturation process and confirmed the accumulation of spliced U3 precursors with a long 3΄ extremity. Therefore, the splicing reaction likely occurs before 3΄-extension trimming. To obtain additional evidence for this possibility, we used a more sensitive and selective RT-PCR protocol ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), which is based on reverse transcription primed by hairpin oligonucleotides designed to specifically and individually detect the 3΄-end of the mature U3 and of the +12 and +18 pre-U3 RNAs ([Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}). Indeed, a hairpin oligonucleotide primes the RT reaction at the 3΄-end of RNA transcripts with a much higher affinity as compared to at an internal site ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). In addition, this hairpin primer-based RT-PCR protocol allowed detection of each U3 precursor molecules from a total RNA extract ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}). Using this approach, we observed that only cDNAs primed with the primer specific to the entire 3΄ extension led to the amplification of an abundant PCR product containing the intronic sequence (Figure [2C](#F2){ref-type="fig"}), confirming that intron removal occurs during the very early steps of U3 maturation, prior to 3΄-end trimming. These data therefore provided new information on the chronology of events involved in yeast U3 snoRNA processing ([@B64]).

![The U3 intron splicing occurs prior 3΄-end nucleolytic maturation and Rsa1p remains associated with the latest pre-U3 intermediates. (**A**) Cartoon presenting the set of specific primers used for reverse transcriptase (RT) and polymerase chain reaction (PCR) steps in order to discriminate the maturation state at the 3΄ extremity and the splicing status for each RNA species. The theoretical sizes of the RT-PCR products amplified with the various pairs of primers from the unspliced and spliced U3 RNAs are indicated (**B**) Detection by RT-PCR of the intronic sequence contained in the U3 snoRNA precursor which 3΄ end is not processed. Reverse transcription was performed from a total RNA extract using the RT~long~ primer. PCR analyzes were performed using the primer couples 5΄PCRa/3΄PCR (upper panel) and 5΄PCRb/3΄PCR (lower panel), respectively. (**C**) Detection by RT-PCR of the intronic sequence in various 3΄-end intermediates of the U3 snoRNA biogenesis pathway. RT was performed from a total RNA extract using the set of RT primers described in panel (A) and the primer couple 5΄PCRb/3΄PCR was used for PCR amplification. (**D**) Detection by RT-PCR of the U3 pre-snoRNA associated with Rsa1p. RNA co-immunoprecipitated with the fusion protein Rsa1-TAP endogenously expressed were primed for cDNA synthesis using the RT primers RT~+18~ and RT~+12~, and then analyzed by PCR using the primer couple 5΄PCRa/3΄PCR. A strain without TAP-tagged protein expression was used as negative control.](gkx424fig2){#F2}

Then, using 3΄-end selective hairpin primers for the RT and the primer hybridizing within exon 1 (5΄PCRa) for the PCR, we detected that both spliced +18 and +12 pre-U3 RNAs were co-immunopurified with Rsa1p in yeast extracts (Figure [2D](#F2){ref-type="fig"}). This result demonstrated that association of Rsa1p, which occurs early on the nascent transcript ([@B54]), persists at least until the +12/+18 cleavage steps. Of note, both in the input and IP fractions no long PCR products corresponding to unspliced forms were detected, confirming the rapid elimination of the intron prior to 3΄-end processing.

*In vitro* assembly of the U3~B/C~ pre-RNP requires Snu13p and U3 helices 2, 3 and 4 {#SEC3-2}
------------------------------------------------------------------------------------

Previous *in vivo* studies had shown the Snu13p/SNU13-dependent specific assembly of Rrp9p/U3-55K on the U3~B/C~ motif both in *S. cerevisiae* and human cells ([@B41],[@B42]). To test whether Rsa1p may play a role in this specific recruitment of Rrp9p we set up an *in vitro* assembly approach using the recombinant proteins Snu13 and His~6~-tagged TRX-Rrp9 in combination with radiolabeled RNAs. Two truncated yeast U3 snoRNAs were used in these experiments, namely U3Δ2,3,4 and U3B/C (Figure [3A](#F3){ref-type="fig"}). The U3Δ2,3,4 RNA contains the U3~C΄/D~ and U3~B/C~ motifs but lacks helices 2, 3 and 4 that surround the U3~B/C~ motif. It was previously found to recruit Rrp9p on the U3~B/C~ motif *in vivo* and to ensure cell growth after depletion of the endogenous U3 snoRNA ([@B34],[@B41]). The U3B/C RNA contains helices 2, 3, 4 but lacks the 5΄ domain and the C΄/D motif. U14 snoRNA was used as a control to estimate the unspecific RNA binding property of Rrp9p. After complex formation, associated RNAs were co-purified with His~6~TRX-Rrp9p on Nickel-Sepharose beads and analyzed by denaturing gel electrophoresis (Figure [3B](#F3){ref-type="fig"}). Incubation with Snu13p alone (lane 2) did not lead to RNA retention on the beads. Rrp9p interacted weakly and non-specifically with all three RNAs (lane 3). Snu13p addition increased significantly (∼3.6-fold) Rrp9p association with RNA U3B/C, but not with RNA U3Δ2,3,4 and the U14 snoRNA (lane 4). The positive effect of Snu13p on *in vitro* binding of Rrp9p to U3~B/C~ in its authentic sequence context was confirmed by using the full length U3 snoRNA ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). These data are in agreement with previous *in vitro* ([@B44]) and *in vivo* ([@B41],[@B42]) findings. Furthermore, they underlined the importance of helices 2, 3 and 4 for *in vitro* binding of Rrp9p to the U3~B/C~ motif, in spite that these helices are not essential for cell viability and Rrp9 binding *in vivo* ([@B41],[@B68]). Interestingly also, UV-induced crosslinks of Rrp9p with helices 2 and 4 were previously detected by CRAC experiments suggesting an *in vivo* interaction of Rrp9p with these helices. Taken together the stronger requirements that we observed for *in vitro* assembly of Rrp9p compared to the *in vivo* situation may be explained by: (i) requirement for a U3~B/C~ sequence environment more adapted to form a K-turn motif *in vitro* and (ii) a need for direct interaction of Rrp9p with surrounding helices to stabilize its interaction with this motif *in vitro*.

![*In vitro* assembly of Rrp9p on U3~B/C~ motif requires Snu13p and U3-helices 2, 3, 4 but not Rsa1p. (**A**) Schematic representation of the U3 snoRNA variants used for *in vitro* assembly. (**B**) *In vitro* assembly of Rrp9p-containing RNPs by His pull-down assays. Radiolabeled RNAs were incubated with the recombinant protein His~6~TRX-Rrp9p in presence or absence of Snu13p. After incubation of this mixture with Ni-sepharose beads, RNAs retained on the beads were analyzed by denaturing gel electrophoresis. The U14 snoRNA was used as negative control for specificity. The fold enrichment represents the ratio of RNA co-purified with His~6~TRX-Rrp9p in presence of Snu13p compared to the condition without Snu13p. Experiments have been done in triplicate. Student\'s *t-*test was used to calculate *P*-values (\*\**P* ≤ 0.01, ns: non-significant). (**C**) The same experiment was carried out using the U3B/C RNA and with the additional presence of the recombinant Rsa1p~230--381~ protein. The input corresponds to 10% of the total quantity of radiolabeled RNA used in the binding assays (left Lane). (D--E) *In vitro* assembly of various RNPs by electrophoretic mobility shift assays (EMSA). Radiolabeled U3B/C RNA was incubated with various combinations of recombinant Snu13p and its variant E~72~/A, His~6~TRX-Rrp9p and Rsa1p~230--381~ each at a final concentration of 0.5 μM. The complexes formed were fractionated by gel electrophoresis. Positions of complexes Snu13p--U3B/C RNA (RNP1), Snu13p--His~6~TRX-Rrp9p--U3-B/C RNA (RNP2), Snu13p--Rsa1p~230--381~--U3-B/C RNA (RNP3) and Snu13p--His~6~TRX-Rrp9p--Rsa1p~230--381~--U3-B/C RNA (RNP4), as well as, of the free U3-B/C RNA (U14) are indicated on the sides of the autoradiogram.](gkx424fig3){#F3}

*In vitro*, Rsa1p~230--381~ associates with the U3B/C--Snu13p--Rrp9p complex but is not required for its assembly {#SEC3-3}
-----------------------------------------------------------------------------------------------------------------

Next, to test for the possible effect of Rsa1p on Rrp9p *in vitro* assembly, the assembly assays were performed in the presence of the Rsa1p recombinant fragment spanning amino acids 230 to 381 (Rsa1p~230--381~), which conserves the property of Rsa1p to interact with Snu13p and to promote box C/D snoRNP assembly ([@B51],[@B52]). As evidenced by His-pull down assays, the addition of Rsa1p~230--381~ had no major effect on the amount of RNA U3B/C retained on beads by His~6~TRX-Rrp9 in the presence of Snu13p (Figure [3C](#F3){ref-type="fig"}, compare lane 3 with lane 4). This observation suggested that Rsa1p~230--381~ does not promote nor prevent the incorporation of Rrp9p in the particle. To verify the presence of Rsa1p~230--381~ in Rrp9p-containing particles, we next performed EMSA (Figure [3D](#F3){ref-type="fig"}). The complexes were formed in similar conditions as those analyzed in the His-pull down assay. As previously described ([@B52]), Rsa1p~230-381~ cannot form a stable complex by direct interaction with a box C/D snoRNA *in vitro* (lane 4), but generated a super-shift in the presence of Snu13p (RNP3 in lane 3). The addition of Rrp9p to RNA U3B/C led to a diffuse band shift (lane 5), suggesting a capacity of His~6~TRX-Rrp9p to interact directly with the RNA. By contrast, a clearly defined band shift corresponding to a higher molecular weight complex was observed in the presence of Snu13p (RNP2 in lane 7) and a single complex (RNP4 in lane 8) was formed in the presence of Rsa1p~230--381~, Snu13p and Rrp9p. Electrophoretic mobility of RNP4 was reduced compared to those of RNP3 (U3B/C--Snu13p--Rsa1p~230--381~, lane 3) and RNP2 (U3B/C--Snu13p--Rrp9p, lane 7). This strongly suggested that association of Snu13p with RNA U3B/C and Rrp9p does not disturb the Snu13p--Rsa1p~230--381~ interaction.

We previously showed that the Snu13p glutamate residue E~72~ is present at the Snu13p--Rsa1p interaction interface ([@B50],[@B51]) and its substitution into an alanine abolishes formation of the Snu13p--Rsa1p complex ([@B51]). To reinforce the demonstration that Rrp9p recruitment does not rely on Rsa1p~230--381~*in vitro*, we repeated the U3B/C RNP *in vitro* assembly assays with the Snu13p variant E~72~/A. Interestingly, the Snu13p variant E~72~/A conserved its ability to enhance the recruitment of Rrp9p, both in the absence of the presence of Rsa1p~230--381~ (Figure [3C](#F3){ref-type="fig"}). In agreement with this result, gel shift assays showed that this Snu13p variant conserves its property to bind RNA U3B/C (Figure [3E](#F3){ref-type="fig"}, lane 5 and ([@B51])). The faster migration of the RNP1 complex formed with this variant protein is likely due to a protein conformational change as previously observed with the U14 snoRNA ([@B51]). A complex with a reduced electrophoretic mobility (RNP2 in Figure [3E](#F3){ref-type="fig"}, lane 6) was formed upon addition of both Rrp9p and Snu13p E~72~/A indicating that the Snu13p variant did preserve its ability to enhance Rrp9p recruitment. Here again, the amount of associated Rrp9p was not modified upon Rsa1p~230--381~ addition (Figure [3E](#F3){ref-type="fig"}, lane 7). Furthermore, the absence of Rsa1p~230--381~ recruitment in the U3B/C-Snu13p--Rrp9p complexes formed with the E~72~/A Snu13p variant indicated that Rrp9p by itself is not able to interact with Rsa1p~230--381~. Altogether, we concluded that Rsa1p~230--381~ is not required to assemble Rrp9p on the U3B/C particle *in vitro*. Moreover, the three proteins can be present together on the U3~B/C~ motif as no antagonism between Rrp9p and Rsa1p was observed for their recruitment on the U3B/C--Snu13p pre-snoRNP.

In cell extract, residue R~89~ in Snu13p is required for Rrp9p recruitment {#SEC3-4}
--------------------------------------------------------------------------

Rsa1p does not act alone in the box C/D assembly process, but in concert with several other cellular factors ([@B50]--[@B54]). To complete the demonstration, we designed a U3~B/C~ RNP assembly assay based on yeast cellular extracts prepared from strain *GAL*::*SNU13* expressing (WT) or not Rsa1p (Δ*RSA1*) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Cells were transformed with a plasmid expressing the ProtA-tagged Rrp9 protein. Before cell extract preparation, endogenous Snu13p expression was repressed by growth on glucose ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). For the assay, radiolabeled U3B/C RNA was pre-incubated or not with the recombinant Snu13p before incubation in the cellular extract. The RNAs associated with ProtA-Rrp9p were co-purified on IgG-Sepharose beads and analyzed by denaturing gel electrophoresis. As expected, a positive effect of Snu13p on the recruitment of Rrp9p on RNA U3B/C was observed in the presence or the absence of Rsa1p expression ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). As in the assays performed with purified proteins, the Snu13p variant E~72~/A, which is unable to bind Rsa1p, conserved its property to enhance Rrp9p recruitment ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, lane 3). Interestingly, substitution by alanine of the Snu13p residue arginine 89 abolished the association of Rrp9p to RNA U3B/C in the extract ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, lane 4). Of note, previous data obtained using HeLa cell extract showed that a human SNU13 A~88~/D and R~91~/E double mutant, where R~91~ is the human counterpart of residue R~89~ mutated in our experiment has a very low capability to reinforce the recruitment of hU33-55K (the human counterpart of Rrp9p) on a human box B/C RNA ([@B69]). Furthermore, the R~89~ residue of Snu13p is essential for yeast cell growth since expression of the Snu13p R~89~/A variant protein in *GAL*::*SNU13* WT was not able to rescue growth on glucose (data not shown).

Altogether, the data confirmed that Rsa1p has no stimulatory effect on the Snu13p-mediated binding of Rrp9p to the Snu13p--U3B/C complex and that Rrp9p association is strongly dependent on the presence of Snu13p residue R~89~.

A positive effect of Rsa1p on RNP assembly on a U3 snoRNA variant binding Rrp9p with low efficiency *in vitro* {#SEC3-5}
--------------------------------------------------------------------------------------------------------------

As discussed above, no significant impact on the U3 level was observed in a yeast deletion mutant of the *RSA1* gene (Δ*RSA1*) ([@B52]). However, we previously observed that the steady-state level of the mature form of the U3Δ2,3,4 RNA is lowered in a Δ*RSA1* strain and its 3΄ extended precursors +12 and +18 accumulate ([@B52]). Based on these results and the above data showing that Rrp9p is not recruited *in vitro* on the U3Δ2,3,4 RNA (Figure [3B](#F3){ref-type="fig"}), we hypothesized that the effect of the *RSA1* disruption on U3Δ2,3,4 RNA maturation may result from the cumulative effect of Rsa1p depletion and the sub-optimal association of Rrp9p with this variant RNA. To test this hypothesis and since disruption of the *RSA1* gene could have pleiotropic effects, we used the R~249~/A Rsa1p variant, which does not interact with Snu13p and cannot be recruited on the pre-snoRNP ([@B51]). The Δ*RSA1* yeast strain was complemented by ectopic expression of Rsa1p WT or the R~249~/A variant (Figure [4](#F4){ref-type="fig"}). Total RNAs were extracted and analyzed by Northern-blot using U1 snRNA as internal control. The absence of endogenous Rsa1p led to an increase of the ratio between U3Δ2,3,4 precursors and the mature form (lane 2). Interestingly, ectopic expression of WT Rsa1p led to high production of mature U3Δ2,3,4 RNA (lane 3), while this was not the case for the R~249~/A mutant (lane 4). The higher level of mature U3Δ2,3,4 RNA in the presence of Rsa1p might be explained by a higher kinetics of RNP assembly on the B/C and C΄/D motifs. This effect is reinforced when Rsa1p is overexpressed, likely due to the limited number of Rsa1p molecules endogenously expressed in WT yeast cells as compared to the number of molecules of snoRNP core proteins ([@B70]). The present results confirmed that the recruitment of Rsa1p is a crucial event for production of fully matured U3Δ2,3,4 RNA. This need for Rsa1p may be explained by the presence of two suboptimal motifs in RNA U3Δ2,3,4: the U3~B/C~ motif with truncated helices and the WT U3~C΄/D~ motif already shown to have a low affinity for Snu13p (*K*~d~ \> 1500 nM for the small yU3C΄/D RNA substrate) ([@B34]).

![The absence of U3 helices 2, 3, 4 and Rsa1p affects the snoRNA level and pre-U3 processing. (**A**) Northern blot analysis of processing of the U3Δ2,3,4 variant RNA in WT and Δ*RSA1* mutant cells complemented by the wild-type Rsa1p or variant Rsa1p R~249~/A, which is defective for interaction with Snu13p and to associate with a Snu13p-containing RNP ([@B51]). *RSA1* disruption and complementation by Rsa1p R~249~/A are associated with a decrease in the cellular level of U3Δ2,3,4 and with the accumulation of its precursors cleaved at positions +12 or +18. U1 snRNA was used as a loading control. (**B**) Radioactivity in the bands of gel was quantified with the ImageQuant software after exposure of a phosphorimager screen. The signal of U3Δ2,3,4 precursors was divided by the signal of the mature U3Δ2,3,4. This ratio in WT strain is arbitrary considered as having a value of 100% and the ratios in other strains are expressed relative to this value. Error bars represent the standard deviation obtained from the mean value of three independent experiments.](gkx424fig4){#F4}

Structural features explaining the low affinity of Snu13p for the yeast U3~C΄/D~ motif {#SEC3-6}
--------------------------------------------------------------------------------------

Then, we tried to explain at the structural level why the yeast U3~C΄/D~ motif, which plays a key role in recruitment of the classical set of box C/D proteins and therefore for U3 nucleolar localization, has a low affinity for Snu13p. At the RNA level, the presence of a uridine nucleotide at position 2 (U~2~) in the internal loop of the K-turn instead of a purine at this position in canonical box C/D motifs (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}) was already shown to decrease the affinity for Snu13p ([@B34],[@B47]). Based on 3D structures established for archaeal L7Ae-box C/D RNA complexes ([@B71]) and the yeast Snu13p 3D structure ([@B72]), we postulated the formation of a stacking interaction between the guanidinium of the conserved arginine 95 (R~95~) in Snu13/SNU13 proteins and the purine at position 2 in canonical C/D motifs (Figure [5](#F5){ref-type="fig"}). Because of a U residue at position 2 in the yeast U3~C΄/D~ motif, the same interaction cannot be formed (Figure [5](#F5){ref-type="fig"}, compare panel A with panel B). However, residue R~95~ can establish a stabilizing interaction with the nucleobase of residue G1 which is almost universally conserved in U3 C΄/D motifs ([@B34]). According to the recent cryo-EM structures established for the *S. cerevisiae* 90S processome ([@B45],[@B49]), the Snu13p R~95~ amino acid points toward the nucleotides at positions 1 and 2 in the U3~C΄/D~ motif ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), showing their close proximity.

![Uridine at position 2 in the U3~C΄/D~ K-turn weakens the stabilization by arginine R~95~ of the Snu13p--U3~C΄/D~ complex. (**A**) Schematic representation of the WT yU3C΄/D RNA fragment used for EMSA (left) and magnified view (right) of a 3D model of the Snu13p--U3~C΄/D~ complex which was built on the basis of the known 3D structures of Snu13p ((72); PDB ID: 2ALE) and the archaeal complex L7Ae--box C/D sRNA ((71); PDB ID: 1RLG). (**B**) Same information for variant yU3C΄/D U~2~/A carrying the U~2~/A substitution. (**C**) Formation of Snu13p--U3~C΄/D~ complex formation was analyzed by EMSA. Radiolabeled yU3C΄/D WT and variant were incubated with increasing concentrations of recombinant wild-type or variant R~95~/A Snu13p (indicated on the top of each lane).](gkx424fig5){#F5}

To confirm the role of the Snu13p R~95~ residue in the Snu13p--U3~C΄/D~ interaction, we produced and purified the recombinant R~95~/A Snu13p variant and used EMSA to compare the *in vitro* affinities of Snu13p WT and the Snu13p R~95~/A variant for RNAs yU3C΄/D WT, yU3C΄/D U~2~/A and yU3C΄/D U~2~/A+G~1~/U. As expected the U~2~/A substitution strongly reinforced binding of Snu13p WT (Figure [5C](#F5){ref-type="fig"}), while no binding of the Snu13p R~95~/A variant to yU3C΄/D WT was detected. The affinity of Snu13p WT for yU3C΄/D U~2~/A+G~1~/U was almost identical to that for yU3C΄/D WT showing the importance of the conserved G~1~ residue. Taken together, the data confirm the general role of the conserved R~95~ residue in Snu13p binding to canonical C/D box snoRNA motifs. They explain why the U3~C΄/D~ motif with an uracil at position 2 has a low affinity for Snu13p and they point out the importance of an interaction between R~95~ in Snu13p and the conserved G~1~ residue in the U3~C΄/D~ K-turn.

Rsa1p enhances the association of Snu13p with the sub-optimal U3~C΄/D~ K-turn {#SEC3-7}
-----------------------------------------------------------------------------

Based on the suboptimal capability of the yeast U3~C΄/D~ motif to recruit Snu13p, it was of interest to look for the possible contribution of Rsa1p in U3~C΄/D~ RNP assembly. To assess the capacity of the recombinant Rsa1p~230--381~ fragment to form a stable complex with Snu13p and the U3~C΄/D~ K-turn we first used the RNA U3Δ2,3,4 mutB variant. This RNA, which is defective for the U3~B/C~ K-turn and possess only one Snu13p binding site, allowed us to visualize exclusively the complexes formed on U3~C΄/D~ ([@B34]) (Figure [6A](#F6){ref-type="fig"}). As expected, Snu13p had a very low affinity for the U3~C΄/D~ motif in this context (Figure [6B](#F6){ref-type="fig"}, top panel), detection of a retarded migration complex required a high concentration of Snu13p (at least ∼2 μM) and a total gel-shift required a Snu13p concentration of ∼4 μM. Interestingly, in the presence of Rsa1p~230--381~, a retarded complex was observed at a lower Snu13p concentration (∼1.5 μM) (Figure [6B](#F6){ref-type="fig"}, middle panel). As negative control, no stimulation of Snu13p binding was observed upon addition of bovine serum albumin (BSA) (down panel). Therefore, the affinity of the Snu13p--Rsa1p~230--381~ heterodimer for U3~C΄/D~ is higher than that of the monomeric Snu13p.

![Rsa1p~230--381~ increases the affinity for Snu13p--U3~C΄/D~ complex formation. (**A**) Schematic representation of the U3Δ2,3,4-mutB RNA used for EMSA. The box B was mutated to prevent the binding of Snu13p on U3~B/C~. (**B**) *In vitro* assembly of Snu13p-containing RNPs analyzed by EMSA. Radiolabeled U3Δ2,3,4-mutB RNA was incubated with an increasing concentration of recombinant Snu13p (indicated on the top of each lane), in absence or in presence of Rsa1p~230--381~ at a final concentration of 1 μM. Acetylated (bovine serum albumin) BSA at a final concentration of 1 μM was used for specificity control. The complexes formed were fractionated by non-denaturing gel electrophoresis.](gkx424fig6){#F6}

For more direct evidences of the positive effect of Rsa1p on U3~C΄/D~ pre-RNP formation, we performed RNA footprinting assays, using ribonucleases as probes. For this purpose, the 5΄-end radiolabeled RNA U3Δ2,3,4 was incubated with T1, T2 or V1 ribonucleases and cleavage products were analyzed by electrophoresis on denaturing gel. Reproducible results were obtained in the course of several experiments and an example is illustrated in Figure [7](#F7){ref-type="fig"}. For each enzyme, treatments were performed on the naked RNA and after complex formation with Snu13p alone or in combination with Rsa1p~230--381~. As the above experiment showed no binding of Snu13p to the U3~C΄/D~ motif at Snu13p concentrations below 2 μM (Figure [6B](#F6){ref-type="fig"}) and in order to detect only Snu13p binding driven by Rsa1p, we used a 1.5 μM concentration for both Snu13p and the Rsa1p~230--381~ proteins. U3~B/C~ for which Snu13p has a very high affinity (*K*~d~ \< 75 nM) provided a positive control for Snu13p binding ([@B34]). In agreement with previous data obtained by chemical probing ([@B34],[@B41]), the pre-incubation of Snu13p with the RNA led to a lower accessibility to RNases of phosphodiester bounds in box B (nucleotides from positions 108 to 117) and in box C (from positions 121 to 124 and between positions 125 and 126) (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}). Conversely, no protections were observed in the C΄ box region in the presence of Snu13p alone, confirming that this protein is unable to stably interact with U3~C΄/D~ at a concentration of 1.5 μM (Figure [7A](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}). Interestingly, the addition of Rsa1p~230--381~ drastically changed the cleavage profiles, since several of the Snu13p specific protections ([@B34]) appeared in box C΄ (phosphodiester bounds from positions 78 to 80 and 81 to 88). In agreement with the EMSA experiments, this result confirmed a higher binding of Snu13p on U3~C΄/D~ in the presence of Rsa1p.

![Rsa1p stabilizes the Snu13p binding on U3~C΄/D~ and contacts the 5΄ domain of U3. (**A**) Digestion pattern of the U3Δ2,3,4 RNA by RNases T1, T2 and V1 on the naked RNA (−) or in presence of Snu13p (S) or Snu13p and Rsa1p~230--381~ (SR). The size controls used are: none cut RNA (NC), alkaline hydrolysis ladder (OH^−^) and denaturing T1 ladder (T1) revealing all the G nucleotides. T1 RNase cleaves preferentially at the 3΄ extremity of unpaired G residues releasing 3΄-phosphate and 5΄-hydroxyl ends. T2 RNase hydrolyzes preferentially the simple strand region without a high specificity and releases 3΄-phosphate and 5΄-hydroxyl ends. V1 RNase cleaves preferentially double-strand regions or regions structured by base stacking releasing 3΄-hydroxyl and 5΄-phosphate ends. (**B**) More resolute view of U3~B/C~ region obtained by a longer electrophoretic migration. (**C**) Positions on the U3Δ2,3,4 RNA of nucleotides protected against cleavages by the presence of Snu13p (in red) or Snu13p--Rsa1p~230--381~ (in green). The intensity of the protection is relative to the color intensity (the darker tone representing the stronger protections). The insert shows a potential alternative secondary structure proximal to U3~C΄/D~.](gkx424fig7){#F7}

Phosphodiester bonds outside of the C΄/D and B/C motifs are also protected in the presence of Rsa1p {#SEC3-8}
---------------------------------------------------------------------------------------------------

Interestingly, some of the phosphodiester bounds located downstream from the C΄ box (between positions 91--92 and 94--96) were also cleaved to a lower extent in the presence of Rsa1p. Chemical probing of RNA U3Δ2,3,4 predicted that this region was single-stranded ([@B34]). However, the strong cleavage by RNase V1 between nucleotides C~91~ and A~92~ observed here suggests their possible involvement in a base-pair interaction or nucleobase stacking, as shown in Figure [7C](#F7){ref-type="fig"}. Two alternative conformations can indeed be proposed for this region of RNA U3Δ2,3,4. The protection of V1 cleavage 91--92 upon Snu13p--Rsa1p~230--381~ binding on U3~C΄/D~ may reflect either an RNA conformational change toward the single-stranded conformation and/or a direct steric hindrance due to Rsa1p~230--381~.

Some additional protections were also detected in box B in complexes formed in the presence of Rsa1p compared to Snu13p alone. Here again, they either result from steric hindrance linked to the presence of Rsa1p~230--381~ or to stabilization of the U3~B/C~--Snu13p complex by Rsa1p~230--381~.

Finally, in the presence of Snu13p--Rsa1p~230--381~, numerous other cleavages were reduced in regions outside the Snu13p binding sites. Additional protections against T2 and V1 RNases were detected in the 5΄ domain of U3: in the segment from positions 36 to 60, in helix 1B and the 3΄ hinge. These additional protections likely resulted from direct contacts of Rsa1p~230--381~ with the RNA. In agreement with this hypothesis, we observed that the affinity of Snu13p for the RNA variant miniRNA U3Δ2,3,4-mutB lacking the 5΄ domain was not enhanced in the presence of Rsa1p ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). We concluded that additional contacts of Rsa1p with the RNA molecule can occur in the 5΄ region of U3 snoRNA and may contribute positively to U3~C΄/D~ pre-RNP assembly.

Rsa1p is predicted to mask key elements for U3 snoRNP assembly and function {#SEC3-9}
---------------------------------------------------------------------------

Very recently, the structure of the 90S pre-ribosome of the hyperthermophilic yeast *C. thermophilum* and of *S. cerevisiae* were determined by cryo-EM allowing visualization of the U3 snoRNP 3D structure in its functional context ([@B45],[@B48],[@B49]). We superimposed the crystal structure of Snu13p--Rsa1p~239--265~ heterodimer on the U3 snoRNP structures from *C. thermophilum* (Figure [8A](#F8){ref-type="fig"}) and *S. cerevisiae* ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Compared to Rsa1p~230--381~ that was used in the footprinting experiments, the fragment of Rsa1p used for the X-ray crystallography lacks 116 amino acids at the C-terminal end and 9 residues at the N-terminal end ([@B50]). The overall model predicts that helix α2 of Rsa1p leads to two distinct steric clashes with Nop1p within the U3~C΄/D~ (Figure [8B](#F8){ref-type="fig"} and [Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}) and U3~B/C~ (Figure [8C](#F8){ref-type="fig"} and [Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}) RNPs. In both cases the presence of Rsa1p is expected to prevent final placement of Nop1p in the mature RNP.

![Rsa1p positioning in the U3 pre-small nucleolar ribonucleoprotein particles (snoRNP) is predicted to prevent the formation of the mature particle. (**A**) Ribbon representation of the U3 snoRNP within the 90S pre-ribosome from *Chaetomium thermophilum* ((48); PDB ID: 5JPQ) and superimposition with the crystal structure of complex Snu13p--Rsa1p~239--265~ from *Saccharomyces cerevisiae* ((50); PDB ID: 4NUT). Proteins Snu13, Nop58, Nop56, Nop1 and Rrp9 are colored in red, dark blue, light blue, yellow and orange, respectively. The peptide Rsa1p~239--265~ is colored in magenta. The backbone of U3 RNA is colored in gray. U3 RNA phosphodiester bonds protected against RNase cleavages by the presence of Snu13p--Rsa1p~230--381~ are colored in green. The intensity of the protection is relative to the color intensity as in Figure [7](#F7){ref-type="fig"}. (**B**) Magnified view of the C΄/D motif. (**C**) Magnified view of the B/C motif showing a distinct spatial hindrance with Rsa1p compared to the one observed on the C΄/D motif. (**D**) Magnified view of Nop58p insertion between two the strands of helix II of the C΄/D motif. The weakly phosphodiester bonds cleaved in the presence of Rsa1p~230--381~ are colored in green. (**E**) Sequence alignment of the 5΄ regions from *C. thermophilum* and *S. cerevisiae* U3 snoRNAs. Protection against RNase cleavages by the presence Snu13p--Rsa1p~230--381~ are indicated with the same color code as in Figure [7](#F7){ref-type="fig"}.](gkx424fig8){#F8}

Moreover, the nucleotides at the base of box C΄ and in the adjacent bulge loop, where protections were observed in the presence of Rsa1p~230--381~, corresponds to a region located in close vicinity with Nop58p in the mature U3 snoRNP (Figure [8D](#F8){ref-type="fig"} and [E](#F8){ref-type="fig"}; [Supplementary Figure S6D](#sup1){ref-type="supplementary-material"}). We attempted to test the contribution of this region in *in vivo* assembly of the U3Δ2,3,4 RNP by the design of a U3Δ2,3,4 RNA variant without the bulge (most of its nucleotides were deleted) that carried a stable continuous helix 5 (variant U3Δ2,3,4 Δbulge) (Figure [9](#F9){ref-type="fig"}). We paid attention to preserve the distance between the C΄/D and B/C motifs in this variant RNA. Interestingly, while the WT U3Δ2,3,4 RNA is functional *in vivo*, ectopic expression of the Δbulge variant did not complement the absence of expression of the endogenous U3A snoRNA in JH84 *S. cerevisiae* cells (Figure [9B](#F9){ref-type="fig"}). Furthermore, northern blot analysis revealed a high instability of RNA U3Δ2,3,4 Δbulge *in vivo* (Figure [9C](#F9){ref-type="fig"}), what is a hallmark of incomplete box C/D snoRNP assembly, in particular of Nop58p association defect ([@B13],[@B73]). Interestingly, the cryo-EM structure reveals that helix α9΄ of Nop58p is inserted between the two RNA strands of the bulge, which likely locks Nop58p in the RNP (Figure [8D](#F8){ref-type="fig"}). Therefore, the presence of Rsa1p could control---by direct steric hindrance or by indirect long range effect on the RNA conformation---Nop58p placement in this U3 RNA region.

![The box C΄/D proximal bulge protected from RNases activity in the presence of Rsa1p~230--381~ is essential for U3 snoRNP assembly and cell viability. (**A**) Schematic representation of the Δbulge variant of the U3Δ2,3,4 RNA. Introduced mutations are labeled in red. (**B**) Complementation assay in yeast strain JH84 (*GAL10*::*SNR17A*). In this strain, the galactose upstream activator sequence allows regulation of transcription of the U3 snoRNA encoding gene *SNR17A* whereas the second gene *SNR17B* encoding U3 is disrupted. The cells were transformed with pASZ11 plasmids: the empty vector (−) or the recombinant wild-type or variant Δbulge pASZ11::U3Δ2,3,4. Growth was tested on plates containing glucose (YPD) in order to block endogenous U3 expression. For control, the cells were also streaked on medium containing galactose (YPG). (**C**) Northern blot analysis of the amounts of U3 U3Δ2,3,4 RNAs. The U6 snRNA was used as a loading control. Radioactivity in the bands was quantified with the ImageQuant software after exposure of a phosphorimager screen. The signal of the U3Δ2,3,4 RNA was divided by the signal of the U6 snRNA and the ratio in cells expressing the WT U3Δ2,3,4 RNA was considered as having a value of 100%. Ratios of the two other strains are expressed relative to this value.](gkx424fig9){#F9}

DISCUSSION {#SEC4}
==========

Proposition of a refined model for the U3 snoRNP biogenesis in *S. cerevisiae* {#SEC4-1}
------------------------------------------------------------------------------

Taking into account the present results and new advances in the literature, we propose an updated model for the U3 snoRNP biogenesis pathway (Figure [10](#F10){ref-type="fig"}). Initially, Kufel *et al.*, proposed that the assembly of core proteins Nop1p, Nop56p and Nop58p, as well as the intron splicing, are late events occurring on the pre-U3 +18 and +12, which are products of a pre-U3 3΄ end processing ([@B64]). In this model, the particle assembly was proposed to displace the Lsm proteins and Lhp1p from their binding site in order to favor the final 3΄-end trimming by the exosome. In the present study, the RT-PCR reaction based on hairpin oligonucleotide-priming of cDNA synthesis revealed that the removal of the intron can occur on longest pre-U3s, prior the maturation of the 3΄ extension (Figure [2](#F2){ref-type="fig"}). Furthermore, by using low stringency conditions, proteins Nop1p, Nop56p and Nop58p, as well as the assembly factors Rsa1p, Hit1p and the R2TP complex, were co-purified with unspliced and spliced forms of the long pre-U3 ([@B54]).

![Refined model proposed for the biogenesis of the U3 snoRNP in *S. cerevisiae*. Explanations are given in the text.](gkx424fig10){#F10}

In the model presented here, the U3 snoRNP biogenesis starts with the early recruitment of the assembly machinery and core proteins (stage A). Lsm and Lhp1 proteins must also be recruited at this stage since they were detected in association with the unspliced pre-U3 ([@B64],[@B74]). They are proposed to stabilize the 3΄ extremity by preventing degradation by the exosome during particle assembly. After the binding of this set of proteins, the RNA maturation continues with the intron splicing (stage B), that could be coupled with the assembly process since the Cwc24 protein, which is required for the pre-U3 snoRNA splicing, interacts both with the splicing factor Cef1p and with the assembly factor Pih1p ([@B75]). After the splicing, the Rnt1p endonuclease allows the formation of the intermediates + 58, +18 and +12, whose extremities are protected by Lhp1p and the Lsm proteins (stages C and D). The detection of Rsa1p at this stage suggests that +18/+12 RNPs are still in a pre-mature conformation that could correspond to the state of low stability described for the human U3 pre-snoRNPs ([@B55]). Indeed, the transition into the mature snoRNP may involve the ATPase activity of Rvb1p/Rvb2p during remodeling events leading to the release of the assembly machinery and the establishment of definitive interactions between snoRNP core proteins (stage E) ([@B50],[@B51],[@B53],[@B61]). It is likely possible that the release of Lhp1p and the Lsm proteins occurs also at this stage giving rise to the final 3΄-end trimming by the exosome. Furthermore, this late step may occur in the nucleolar bodies (NB), since the +18 and +12 intermediates were detected in these nucleolar corpuscles ([@B76]). Finally, the cap hypermethylation, (stage F) catalyzed by Tgs1p in the NB ([@B76]), may constitute the final step of the U3 snoRNA maturation, since only the 3΄-end mature RNA is co-immunoprecipitated by hypermethylated-cap antibodies ([@B64]). Nevertheless, this step is possibly coupled with the assembly process, since the recruitment of the hypermethylase on the human U3 snoRNP was shown to occur at the pre-snoRNP level ([@B55],[@B77]).

Rsa1p interacts with U3 5΄ domain and stabilizes Snu13p on the sub-optimal U3~C΄/D~ K-turn {#SEC4-2}
------------------------------------------------------------------------------------------

The data presented here highlight an unexpected feature of Rsa1p function in early U3 snoRNP assembly. Indeed, it is well established that U3~C΄/D~ constitutes a sub-optimal binding site for the Snu13/SNU13 protein, but nevertheless it efficiently assembles functional particles *in vivo* ([@B9],[@B34],[@B47]). Previous data have shown that the low affinity of Snu13p for U3~C΄/D~ results from the presence of an uracil at position 2 of the K-turn, while a purine is commonly found in other Snu13p/SNU13 binding K-turns ([@B34]) (Figure [1](#F1){ref-type="fig"}). Our present biochemical analysis explains this preference by the close proximity with the Arg95 residue of Snu13p. Indeed, the larger aromatic ring of a purine offers an optimal stacking surface that is much better stabilized by the guanidinium group of the arginine. Therefore, it is very likely that this intrinsic default must be compensated *in vivo* to allow the efficient assembly of the particle. Here, by using EMSA (Figure [6](#F6){ref-type="fig"}) and footprinting assays (Figure [7](#F7){ref-type="fig"}), we observed that Rsa1p assists Snu13p for U3~C΄/D~ binding. This activity may contribute to *in vivo* compensation for efficient U3~C΄/D~ RNP assembly. Moreover, additional protections from RNase cleavages were also observed nearby U3~C΄/D~ and in the U3 5΄-functional domain upon addition of Rsa1p~230--381~. Such modifications could result from changes in RNA conformation or from a lower accessibility for the RNases by Rsa1p hindering. Since these Rsa1p-associated protections are not correlated with appearance of new cleavages, it is unlikely that these changes arise from RNA folding modifications. In agreement with RNase protections induced by RNA--Rsa1p interaction, we found that the deletion of the 5΄ domain totally disrupts the binding of Snu13p and Rsa1p on U3~C΄/D~ ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Hence, binding of Rsa1p with the U3 5΄ domain may provide an anchor to stabilize binding of Snu13p on U3~C΄/D~.

In agreement with our previous studies ([@B51],[@B52]) the present data show that the Rsa1p~230--381~ fragment is not a stand-alone snoRNA binding protein (Figure [3D](#F3){ref-type="fig"}). In the absence of known RNA binding domain and given the relative weakness of Rsa1p RNA binding capacities, non-specific interactions are likely established between Rsa1p and the snoRNA U3 in the presence of Snu13p. Indeed, Rsa1p~230--381~ is a highly basic protein with an isoelectric point of 10 well adapted for electrostatic contacts with the RNA phosphate backbone. Thereby, the combination of Snu13p and Rsa1p~230--381~ may significantly increase the interaction surface between the protein complex and the snoRNA and thermodynamically favor the U3~C΄/D~ RNP formation.

Finally, the observation that Rsa1p interacts mainly with the 5΄ domain is coherent with the fact that this part of the U3 snoRNA is not involved in interactions with specific partners at this step of the snoRNP biogenesis. U3 snoRNA maturation and its assembly into a snoRNP occur in the nucleoplasm, while its molecular function in pre-rRNA processing takes place in the nucleolus ([@B76]). To our knowledge, binding of the 5΄ domain by additional core proteins happens exclusively in the nucleolus, once the snoRNP is incorporated in pre-ribosomal complexes. Indeed, several proteins, like Mpp10p, Imp3p and Imp4p, were shown to interact with heteroduplexes formed between U3 snoRNA 5΄ domain and the pre-rRNA 35S/45S ([@B21],[@B24],[@B78]--[@B80]). Hence, as Rsa1p is not a nucleolar protein, the 5΄ domain may be accessible for direct contacts with Rsa1p exclusively until U3 entry into the nucleolus. Furthermore, the large magnitude of the interaction interface between the 5΄ domain and Rsa1p may mask putative binding sites to prevent interaction with unspecific binding proteins or nucleoplasmic RNAs.

Characterization of a U3~B/C~ pre-snoRNP containing Rsa1p and both Rrp9 and Snu13 core proteins {#SEC4-3}
-----------------------------------------------------------------------------------------------

Using recombinant proteins and a set of *in vitro* approaches, we showed that Rsa1p~230--381~ has no influence on Rrp9p recruitment on the U3 snoRNA and that both proteins can simultaneously interact with the early Snu13p--RNA U3~B/C~ complex (Figure [3C](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). These data are in agreement with previous mapping of the interaction sites at the surface of Snu13p/SNU13 ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) and the recent 3D models of U3 snoRNP ([@B48]--[@B51]) showing that Rrp9p/55.5K and Rsa1p/NUFIP1 interact with independent regions on Snu13p. For example, arginine R~91~ of the human SNU13 protein (R~89~ for the *S. cerevisiae* Snu13p) was shown necessary for the recruitment of U3-55K onto the U3 snoRNP ([@B69]). In the 3D model of U3 snoRNP from *S. cerevisiae*, R~89~ points toward residues D~323~ and D~403~ present in a propeller loop of Rrp9p ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). However, the Rsa1p/NUFIP1 binding site is distant and located on helix α3 of Snu13p/SNU13 containing residues E~74~, D~75~ and K~76~ (E~72~, D~73~ and K~74~ in *S. cerevisiae* Snu13p) ([@B51]). Furthermore, within the RNP, the RNA binding site for Rrp9p/U3-55K is located in close vicinity with helix I of the K-turn motif ([@B45],[@B48],[@B49]). In *S. cerevisiae*, it corresponds to the junction of the long U3-helices 2 and 4, whose physical contacts with Rrp9p were previously demonstrated by UV crosslinking ([@B46]) and whose deletion inhibits Rrp9p recruitment on a Snu13p--U3 RNA complex *in vitro* (Figure [3](#F3){ref-type="fig"}).

Effect of Rsa1p on mature U3 snoRNP assembly {#SEC4-4}
--------------------------------------------

The yeast U3 snoRNP 3D structural models deduced from the cryo-EM ([@B45],[@B48],[@B49]) have confirmed the predicted pseudo-symmetric model that was previously proposed for the U3 snoRNP organization ([@B47]). This model argues for the association of Snu13p/SNU13, Nop58p/NOP58 and Nop1p/FBL with U3~C΄/D~, while the second RNA motif U3~B/C~ is bound by another set of proteins composed of Snu13p/SNU13, Rrp9p/U3-55K, Nop56p/NOP56 and Nop1p/FBL. Furthermore, as for the conventional box C/D snoRNPs, these two RNPs present on the U3 snoRNP are connected through the dimerization of the Nop56p/NOP56 and Nop58p/NOP58 coiled-coil domains. Given its ability to interact with the two copies of Snu13p positioned on both U3~C΄/D~ and U3~B/C~, Rsa1p could influence the assembly of the C/D snoRNP proteins on both motifs.

Based on structural data on archaeal catalytic box C/D sRNP, it has previously been proposed that Snu13p--Rsa1p interaction would lead to a steric clash between the α2 helix of Rsa1p and the N-terminal domain of Nop58 that would prevent formation of the active conformation of the catalytic particle ([@B50]). Superimposition of Snu13p from the crystal structure of Snu13p--Rsa1p~239--265~ on each Snu13p molecule in the *C. thermophilum* and *S. cerevisiae* cryo-EM structures reveals that Rsa1p would also interfere with formation of a mature and functional U3 snoRNP (Figure [8](#F8){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Indeed, the α3 helix of Snu13p that contains the Rsa1p binding site overlaps with Nop1p binding site ([@B48],[@B49],[@B51]), such as the final positioning of Nop1p on both C΄/D and B/C motifs could be hindered by Rsa1p (Figure [8B](#F8){ref-type="fig"} and [C](#F8){ref-type="fig"}; [Supplementary Figure S6B and C](#sup1){ref-type="supplementary-material"}). Interestingly, in the *C. thermophilum* cryo-EM structure the two copies of Nop1p adopt a dissymmetric positioning ([@B48]). Hence, presence of Rsa1p on both U3~B/C~ and U3~C΄/D~ would lead to distinct steric clashes: in U3~C΄/D~ Rsa1p helix α2 occupies the position of the loop between β6 and β7 strands and extremity of strand β7 of Nop1p, while in U3~B/C~ it takes place of the loop β4--α4 and extremity of helix α4. Regarding the *S. cerevisiae* U3 snoRNP structure ([@B49]), the two copies of Nop1p adopt a more similar position without being completely identical. In this context, Rsa1p helix α2 exhibits a steric clash with Nop1p helix α5 and the loop β4--α4 (in the same way as in the *C. thermophilum*) at the U3~C΄/D~ and U3~B/C~ motifs, respectively. On the other hand, the presence of Rsa1p~230--381~ also induced lower yields of RNase cleavages in the bulge formed by the extension of U3~C΄/D~ helix II (Figure [7C](#F7){ref-type="fig"}). This effect, which could result from a change of the local RNA conformation and/or a direct steric hindrance by Rsa1p~230--381~, led us to pay a particular attention in this secondary structure element whose presence is highly conserved among U3 snoRNAs ([@B34]). Interestingly, the *C. thermophilum* U3 snoRNP structure highlights the importance of the bulge proximal to U3~C΄/D~ to lock the snoRNP assembly by close contacts with Nop58p whose helix α9΄ is positioned across the central hole ([@B48]) (Figure [8D](#F8){ref-type="fig"}). This region is not defined in the *S. cerevisiae* cryo-EM structure ([Supplementary Figure S6D](#sup1){ref-type="supplementary-material"}). In the structure of archaeal catalytic box C/D sRNP the extremity of the NOP5 α9΄ helix and its GAEK motif have been described as a key structural element to separate the antisense guide strand from the non-guide strand and to ensure accessibility to the targeted strand of the RNA substrate ([@B81]) ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). Additionally, the two separated sRNA strands are stabilized by lengthwise interactions of their ribose--phosphate backbones with the dimeric coiled-coil domains of NOP5 ([@B82]) ([Supplementary Figure S8D](#sup1){ref-type="supplementary-material"}). By contrast, in *C. thermophilum* U3 snoRNP the Nop56p--Nop58p coiled-coil dimer is in a non-parallel orientation with the helix 5 separating the U3~B/C~ and U3~C΄/D~ motifs ([Supplementary Figure S8C](#sup1){ref-type="supplementary-material"}). In such context, the surface of contact between the coiled-coil dimer and the snoRNA U3 is drastically reduced (by 2.4-fold). This substantial difference of stability between the two systems may be compensated by embedding the Nop58p α9΄ helix into the U3~C΄/D~ proximal bulge. Indeed, we observed that the suppression of this bulge by a continuous helix 5 totally annihilates U3 stability and cell viability (Figure [9](#F9){ref-type="fig"}), what is a characteristic hallmark of a Nop58p assembly defect ([@B13],[@B73]). Thus, this clamping of Nop58p into the bulge likely appears as a key step of the U3 snoRNP assembly and its obstruction by Rsa1p might also interfere with the final positioning of the core protein. Finally, Rsa1p~230--381~ protects the U3--5΄ domain and especially its 3΄-hinge region (Figure [8A](#F8){ref-type="fig"} and [E](#F8){ref-type="fig"}). Given the importance of the annealing of the 3΄-hinge with the pre-rRNA 5΄ ETS to nucleate the 90S pre-ribosome, it is conceivable that Rsa1p could directly promote or prevent formation of these base-pairing interactions. As Rsa1p is not a nucleolar protein, it is more likely that it acts as a shield to prevent premature interactions with this U3 domain. Interestingly, a recent study reporting the impact of various U3 mutations on yeast fitness has shown that the 5΄ domain, the two K-turn motifs and their proximal sequences appear as the most affected ([@B83]). These effects are indisputably due to the role of these regions in the particle assembly and function; however it is interesting to note that Rsa1p protections are directed against these highly sensitive sequences. Rsa1p might preserve them from negative interferences. Altogether these data strongly suggest that Rsa1p might delay the formation of the functional particle. Similarly to Naf1p/NAF1 and Shq1p/SHQ1 in the box H/ACA snoRNP assembly pathway ([@B84]--[@B86]), Rsa1p might be a key factor to control the U3 snoRNP assembly timing and to maintain the particle in a pre-mature state until its final delivery into the 90S pre-ribosome.

To conclude, our present data indicate that Rsa1p role in snoRNP assembly may be more intricate than previously estimated. While its function as an assembly platform for box C/D snoRNP core protein is documented, its involvement in more subtle contacts with the snoRNA molecule was not shown before. Even if these interactions are weak and nonspecific, they may substantially contribute to the proper assembly of Snu13p on sub-optimal K-turn motifs. Here, we demonstrate such an effect on the atypical box C΄/D motif of the U3 snoRNA, but a future prospect is to extend this question to the C΄/D΄ motifs of other snoRNAs. Indeed, such investigations might help to understand the origin, the maintaining and the functioning of two dissimilar K-turn motifs (i.e. C/D and C΄/D΄) in the box C/D snoRNA family.
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